Medial temporal lobe dependent cognitive functions are highly vulnerable to hypoxia in the hippocampal region, yet little is known about the relationship between the richness of hippocampal vascular supply and cognition. Hippocampal vascularization patterns have been categorized into a mixed supply from both the posterior cerebral artery and the anterior choroidal artery or a single supply by the posterior cerebral artery only. Hippocampal arteries are small and affected by pathological changes when cerebral small vessel disease is present. We hypothesized, that hippocampal vascularization patterns may be important trait markers for vascular reserve and modulate (i) cognitive performance; (ii) structural hippocampal integrity; and (iii) the effect of cerebral small vessel disease on cognition. Using high-resolution 7 T time-of-flight angiography we manually classified hippocampal vascularization patterns in older adults with and without cerebral small vessel disease in vivo. The presence of a mixed supplied hippocampus was an advantage in several cognitive domains, including verbal list learning and global cognition. A mixed supplied hippocampus also was an advantage for verbal memory performance in cerebral small vessel disease. Voxel-based morphometry showed higher anterior hippocampal grey matter volume in mixed, compared to single supply. We discuss that a mixed hippocampal supply, as opposed to a single one, may increase the reliability of hippocampal blood supply and thereby provide a hippocampal vascular reserve that protects against cognitive impairment.
Introduction
The hippocampus is critical for episodic memory (Zola-Morgan, 1986; Dü zel et al., 2001) , spatial navigation (O'Keefe and Nadel, 1979; Suthana et al., 2009) , consolidation of long-term memory (Frey and Frey, 2008; Dü zel et al., 2010) and contributes to many other cognitive faculties. Moreover, a wide range of diseases is related to hippocampal dysfunction (for a review see Small et al., 2012) .
A sufficient blood supply is a decisive factor to preserve function of any brain region. In fact, a positive relation between resting cerebral blood flow and cognition has recently been observed in older adults for global (Rabbitt et al., 2006; Ogoh, 2017) and hippocampal cerebral blood flow (Heo et al., 2010) . Differences in perfusion might also lead to differences in structural integrity (Maass et al., 2015; Boraxbekk et al., 2016) . This aspect is especially relevant for the hippocampus, which is particularly sensitive to hypoxia (Duvernoy, 2013) . The latter probably relates to both the conformation of the intrahippocampal vessels (Duvernoy, 2013) and the relative lack of capillary anastomoses between them (Klosovskii, 1963) .
Hippocampal vessels are small (average diameter 0.5 mm), restricting their visualization and examination so far to post-mortem studies. Autopsy studies (Marinković et al., 1992; Erdem et al., 1993) have highlighted that the hippocampus is vascularized by the posterior cerebral artery (PCA) and the anterior choroidal artery (AchA), from which the hippocampal arteries, directly or indirectly, arise. The exact origin of the hippocampal arteries anatomically varies across individuals and includes PCA branches, such as the inferior temporal arteries, the posterolateral choroideal artery and the splenial artery (Lang, 1981; Marinković et al., 1992) . Most importantly, the contribution of the AchA to hippocampal vascularization is variable, and when existent, pertains to the hippocampal head, which is in these cases partially vascularized by the uncal branch of the AchA (Gastaut and Lammers, 1961; Erdem et al., 1993) . A dedicated post-mortem study (Erdem et al., 1993) classified five different hippocampal vascularization patterns (A-E) according to the origin of the hippocampal arteries. In two of them (A and E) the AchA contributes to the hippocampal supply (mixed supply), while in the remaining three (B-D), it does not (single supply). Recently, the same classification was demonstrated in vivo adopting high-resolution time-of-flight (ToF) angiography at 7 T MRI and showing a comparable frequency of the hippocampal patterns to post-mortem studies (Spallazzi et al., 2018) .
Sporadic cerebral small vessel disease (CSVD) denotes the pathological alteration of the cerebral small vessels (51 mm in diameter), such as arterioles, venules and capillaries. It mainly relates to age and vascular risk factors, and comprises hypertensive arteriopathy and cerebral amyloid angiopathy (CAA), which occur independently or together in the ageing brain (Pantoni, 2010; Charidimou et al., 2016 Charidimou et al., , 2017 . Hippocampal vessels, which present an average diameter of 0.5 mm, are also affected (Hecht et al., 2018) . In fact, hippocampal atrophy and neuronal loss (Kril et al., 2002; Small et al., 2012) , hippocampal microinfarcts (Hecht et al., 2018) , as well as decreased regional cerebral blood volume (Wu et al., 2008) have been observed in patients with CSVD. Nonetheless, the extent of the structural harm in the medial temporal lobe (MTL) in CSVD patients is still a matter of debate and some studies report a sparing of this brain region (Lambert et al., 2015 (Lambert et al., , 2016 . The cognitive profile of the CSVD cohort is, however, consistent with a concomitant deleterious effect on the MTL and also includes deficits in episodic memory (Xiong et al., 2016; van Leijsen et al., 2019) , a cognitive domain strongly related to hippocampal function. Recently, stronger focus has been directed towards the interplay between CSVD, MTL degeneration and cognitive decline (O'Sullivan et al., 2009; Jokinen et al., 2016; van Leijsen et al., 2019) , as well as on the mediating role of CSVD on the cognitive trajectories in Alzheimer's disease (Kril et al., 2002; Boyle et al., 2018) . Converging evidence indicates that microvascular pathology independently contributes to both structural degeneration of the MTL, and MTL-related cognitive decline (Zhang et al., 2013; Iturria-Medina et al., 2016; Boyle et al., 2018) .
In light of this evidence, we aimed to investigate in vivo the link between hippocampal vascularization and cognition, in a cohort that included older adults with and without CSVD.
So far, it remains unexplored whether differences in the hippocampal vascularization influence: (i) MTL-related and global cognition; (ii) hippocampal structure; and (iii) MTLrelated and global cognition, as well as hippocampal structure in face of CSVD. Hippocampal vascularization patterns were characterized using 7 T ToF-angiography, while cognition was evaluated adopting neuropsychological tests that assess cognitive domains related to the hippocampal function [such as memory and learning in the California Verbal Memory Test -II (CVLT-II) (Delis et al., 2000) ], and more comprehensive cognitive measures assessing global cognition [such as Mini Mental State Examination (MMSE), and Montreal cognitive Assessment (MoCA)].
Furthermore, we used high-resolution voxel-based morphometry (VBM) at 7 T structural MRI to investigate whether hippocampal vascularization patterns are accompanied by variations in hippocampal volume. We hypothesized that the presence of a mixed hippocampal supply through both the PCA and AchA, may increase the reliability of blood supply to the hippocampus. This increased vascular reserve may be a protective factor for hippocampal structural integrity and cognitive function in normal ageing but particularly in older adults with small vessel disease.
Materials and methods
Participants A total of 47 older adults [mean (standard deviation, SD) age 71 (8.2); 44% females] were included in this study, between June 2017 and June 2018. For all participants, depression was an exclusion criterion and was assessed using the Geriatric Depression Scale (GDS) (Brink et al., 1982) . No participant achieved the cut-off score of 10, indicating mild depression. Moreover, contraindications for scanning at 7 T, according to the recommendations of the German Ultrahigh Field Imaging (GUFI) network, were another exclusion criterion from our study. All participants underwent a neurological examination to exclude undiagnosed conditions as well as an extensive neuropsychological test battery, which is described below. All participants provided written informed consent according to the Declaration of Helsinki and were compensated for travel costs. The study was approved by the local Ethics Committee (93/17; 28/16).
Twenty of the participants [mean age (SD) 71 (8.5); 35% females] showed neuroimaging markers of CSVD. Eight of them (40%) fulfilled the modified Boston criteria of a possible (1/20) or probable (7/20) CAA (Linn et al., 2010) . The remaining 12 CSVD participants did not fulfil the modified Boston criteria for the existence of CAA ( Supplementary Table 1 ). The majority of the CAA participants had CSF measures of amyloid-b 1 À 42 , phosphorylated tau (p-tau) and total tau (t-tau) available (see Supplementary material for methodological details) . This allowed us to apply the biomarker-based 'ATN' (amyloid-b, tau, neurodegeneration) classification suggested by the National Institute on Aging -Alzheimer's Association (NIA-AA) to depict a profile of concurrent Alzheimer's disease pathology (Jack et al., 2018) : 'A' was assessed using CSF amyloid-b 1-42 , 'T' was assessed adopting CSF p-tau and 'N' was assessed using CSF t-tau. According to our locally established thresholds, only one of the CAA participants fulfilled the criteria for CSF amyloid-b 1-42 positivity associated with amyloid plaque formation, but did not fulfil the criteria for CSF p-tau or t-tau positivity (Jack et al., 2018) . The same combination was also found in one non-CAA CSVD participant. Thus, both participants present Alzheimer's pathological change as part of the Alzheimer's continuum (Jack et al. 2018) ( Supplementary Table 1 ).
Participants with CSVD were recruited from a dedicated prospective longitudinal 3 T MRI study conceived to investigate disease pathophysiology in CSVD and its relationship to cognitive performance. The study was set up in 2016 and is led by the Department of Neurology and the German Center for Neurodegenerative Diseases (DZNE) in Magdeburg (ethical approval no 28/16). Currently the cohort comprises $100 participants with CSVD. Inclusion criteria are the existence of MRI iron-sensitive sequences [gradient recalled echo (GRE) T 2 Ã -weighted or susceptibility-weighted (SWI) imaging], which need to show haemorrhagic CSVD markers, i.e. at least one cerebral microbleed in deep (basal ganglia, thalamus, brainstem) or lobar locations and/or cortical superficial siderosis. MRI prior inclusion is conducted for diagnostic purposes. The initial reasons to perform a diagnostic MRI are manifold and comprise e.g. headache, epileptic seizures, gait disturbances, cognitive impairment and transient ischaemic attack. Participants have to be between 60 and 90 years old and need to be able to provide written informed consent. Exclusion criteria are genetic neurological disease, history of psychiatric disease, alcohol or drug abuse, as well as cerebrovascular malformations. Participants undergo 3 T MRI, a neuropsychological test battery and upon agreement lumbar puncture with CSF examination.
Healthy controls were recruited from an existing pool of $100 cognitively normal community-dwelled elderly from the DZNE with an available 3 T MRI with iron-sensitive sequences. We screened the MRI scans of all subjects and selected those that were free of cerebral microbleeds and/or cortical superficial siderosis. They were allowed to show caps or pencil-thin lining periventricular white matter hyperintensities (WMH) and/or punctate foci of deep WMH, both scored as grade 1 (mild) on the WMH Fazekas visual rating scale, which represent a common finding in ageing (Fazekas et al., 1987) . Twenty-seven controls agreed to take part in the 7 T study.
According to the MMSE and Clinical Dementia Rating (CDR), the CSVD cohort included 10 cognitively normal subjects (MMSE 4 26, CDR = 0), nine cases that fulfilled the criteria for mild cognitive impairment (22 5 MMSE 4 26, 0 5 CDR 4 1), one case of mild dementia (MMSE = 18; CDR = 0.5) and no participants with severe dementia (MMSE 4 18 points; CDR 4 1.0). All control subjects were cognitively normal.
Presence of CSVD was assessed on a 3 T MRI according to the standards for reporting vascular changes on neuroimaging (STRIVE) criteria (Wardlaw et al., 2013) , by a specialized neurologist (S.S., 10 years' experience). CSVD neuroimaging markers comprised haemorrhagic (cerebral microbleed, cortical superficial siderosis) and non-haemorrhagic markers (WMH, lacunes, perivascular spaces) ( Supplementary Table 2 ).
T MRI
All participants underwent a 7 T ultrahigh-field MRI scan using a Siemens MAGNETOM 7 T scanner equipped with a Nova Medical 32-channel head-coil. The protocol included a T 1 -weighted sequence with 3D magnetization-prepared rapid gradient echo (3D-MPRAGE; voxel size 1 Â 1 Â 1 mm 3 isotropic). The acquisition parameters were as follows: echo time 2.89 ms, repetition time 2250 ms, flip angle 5 , inversion time 1050 ms, receiver bandwidth (RBW) 130 Hz/pixel, echo spacing 8.3 ms, 3D matrix dimensions 256 Â 256 Â 176. GRAPPA (generalized autocalibrating partial parallel acquisition) was enabled with an acceleration factor of 2 and 32 reference lines. The ToF-angiography provides contrast of flowing blood, thus allowing the visualization of cerebral arteries. ToF was acquired with a voxel size of 0.28 Â 0.28 Â 0.28 mm 3 isotropic and the following parameters: echo time 4.59 ms, repetition time 22 ms, flip angle 23 , RBW 130 Hz/pixel; GRAPPA factor 3, 32 reference lines. To limit the acquisition time, the ToF covered a certain part of the brain only: the origin of the slab was set at the bottom of the hippocampus and extended 5 cm in the dorsal direction, allowing depiction of the circulus Willisii and the hippocampal arteries. More sequences were included in the protocol but did not play a role in this study. Scanning time summed up to 50 min. Thin pillows were placed at the sides of the participant's head to minimize head motion.
To diagnose or exclude CSVD, all participants underwent a 3 T scan prior to 7 T MRI [mean interval (SD) in days, 62 (23)]. Measurements were performed in a Siemens Verio scanner with a Siemens 32-channel array coil. The protocol included a T 2 -weighted fluid-attenuated inversion recovery (FLAIR) sequence (voxel size 1 Â 1 Â 1 mm 3 isotropic, echo time 395 ms, repetition time 5000 ms, flip angle 120 , RBW 781 Hz/px; GRAPPA factor 2, 24 reference lines), to localize lacunes and evaluate WMH (Fazekas et al., 1987) . A T 2weighted sequence permitted us to individuate perivascular spaces (Potter et al., 2015) (voxel size 0.5 Â 0.5 Â 2 mm 3 isotropic, echo time 63 ms, repetition time 6500 ms, flip angle 120 , RBW 222 Hz/px; GRAPPA with factor 2, 24 reference lines was enabled). Cerebral microbleed and cortical superficial siderosis were rated using a susceptibility-weighted 3D gradient-echo pulse sequence (voxel size 1 Â 1 Â 2 mm 3 isotropic, echo time 28 ms, repetition time 20 ms, flip angle 17 , RBW 100 Hz/px; GRAPPA with factor 2, 24 reference lines were enabled). An MPRAGE sequence was also included in the protocol, as an anatomical reference (voxel size 1 Â 1 Â 1 mm 3 isotropic, echo time 4.37 ms, repetition time 2500 ms, flip angle 7 , GRAPPA with factor 2, 24 reference lines were enabled). Furthermore, a diffusion-weighted imaging sequence permitted the exclusion of recent small subcortical infarcts in all participants at the time of the 3 T MRI (voxel size 1.8 Â 1.8 Â 5.0 mm 3 , echo time 72 ms, repetition time 8800 ms, flip angle 120 , GRAPPA with factor 2, 38 reference lines were enabled). Scanning time totalled $45 min.
Image processing and analysis 7 T T 1 -weighted and ToF images were first converted from DICOM to NIFTI format using the dcm2nii routine of the MRIcron software package (https://www.nitrc.org/projects/ mricron). T 1 images were then bias corrected using SPM12 (Statistical Parameric Mapping software; Wellcome Trust Centre for Neuroimaging, London, UK) supported by MATLAB R2014b (Mathworks, Sherborn, MA, USA).
To determine the hippocampal patterns, we adopted the same method described by Spallazzi et al. (2018) . An anatomical reference was needed to set the vessels in relation to the hippocampus. To this end, a hippocampal mask was created for each subject: structural images were first automatically segmented using the subcortical segmentation pipeline of Free Surfer 6.0 (https://surfer.nmr.mgh.harvard.edu). Results were then visually inspected to ensure correct segmentation of the region of interest, i.e. the hippocampus. We extracted the hippocampal region (left and right) and obtained hippocampal volumes (left, right and sum of both sides). Total intracranial volume was also extracted. Subsequently, hippocampal masks were co-registered to the corresponding ToF, using Advanced Normalization Tools (ANTs, http://stnva.github.io/ANTs/). Registration of the T 1 image to ToF was performed using the same software.
Afterwards we inspected the vessels supplying the hippocampus separately in each hemisphere and respectively assigned the hippocampal vascularization pattern. For this purpose, the ToF-angiography was processed as a maximum intensity projection in MeVisLab (MeVis, Bremen, Germany). The ToF was then visualized together with the hippocampal mask, which allowed a 3D representation of the vessels and the related hippocampal region (Supplementary Video 1). This approach, however, did not always allow the visualization of all arteries because of a loss of continuity in the maximum intensity projection. For this reason, we also inspected all hemispheres using MRIcron, where the T 1 hippocampal mask was overlaid to the MR-angiography. Images were inspected in sagittal, coronal and axial view (for more details see Spallazzi et al., 2018) .
Our main aim was to determine the contribution of the AchA to the hippocampal supply, which corresponds to pattern A and E according to Erdem et al. (1993) . We therefore adopted a dichotomized approach, labelling each hippocampus as mixed supplied (by PCA and AchA) or single supplied (PCA only) ( Fig. 1) . Mixed supply applied when the uncal branch originating from the AchA was identified and seen penetrating the hippocampal region. As participation of the AchA also varied between hemispheres in the same subject, we assigned participants to two different groups, which we will also refer to as a 'score of hippocampal supply': Group 0 = absence of mixed supply in both hemispheres; and Group 1 = mixed supply in at least one hemisphere
We investigated 94 hemispheres of all 47 participants and were able to identify mixed or single supply in 85 (90%) of them. In the remaining cases, the presence of the uncal branch originating from the AchA, and thus its participation to the hippocampal vascular supply, was doubtful (e.g. due to movement artefacts or because the small vessels of the choroideal plexus and its anastomoses could not be differentiated from the AchA). The vascularization patterns were classified by a trained medical student (A.P., 2 years' experience), who repeated the classification several times using a random order. Furthermore, 21 randomly selected subjects (42 hemispheres) were rated again by a trained neurologist (V.P., 5 years' experience). Corresponding inter-rater reliability was good as indicated by an intraclass correlation coefficient (ICC) of 0.83. Furthermore, there was no relationship between the presence of a mixed supply across both hemispheres, demonstrated by an average measure ICC of 0.17.
Neuropsychological test battery
All participants underwent a neuropsychological test battery comprising the MMSE (Folstein et al., 1975) , the CDR, the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAScog), the MoCA and the CVLT-II. The MMSE (Strauss et al., 1991) was adopted, together with the CDR (Morris, 1993) to detect cognitive impairment in the participants. The MMSE, the ADAScog (Rosen et al., 1984) and the MoCA (Nasreddine et al., 2005) served as measures of global cognition. The factorial nature of the MMSE and MoCA, i.e. the tests' subscores, was exploited to assess specific cognitive domains (e.g. memory, language, attention and executive speed) as previously validated in large cohorts (Freitas et al., 2012) . The German version of the CVLT-II (Delis et al., 2000) was adopted to measure verbal memory, as a MTL-specific domain. In the test, a 'shopping list' of 16 words (list A), clustered in four semantic categories (fruits, spices, clothing, tools), was presented to the participant during five consecutive learning trials (LT 1-5). An interference list (list B) with four items was then presented and recalled. Immediately thereafter, list A was recalled freely and with the suggestion of cues (short-delay free recall and short-delay cued recall). After 20 min free and cued recall were repeated (long-delay free recall and long delay cued recall).
Statistics
The influence of CSVD and hippocampal supply, as well as the effect of the interaction between both factors on cognitive performance, was calculated using a two-way ANOVA: the presence of CSVD (without CSVD, with CSVD) and the score of hippocampal supply (see above) were included as between-subjects factors, while the results of the cognitive tests (ADAScog, MMSE, MMSE subscores, MoCA, MoCA subscores, CVLT-II scores) were set respectively as dependent variables. Age and sex were always considered as covariates. Significance threshold was set at P 5 0.05 for all statistical analyses and adjusted for multiple comparisons using Bonferroni correction. Two-tailed independent and paired sample t-tests were used post hoc to compare differences between groups and performance between trials in the CVLT-II. All aforementioned statistical analyses were conducted using the Statistical Package for Social Science (IBM SPSS statistics), version 23.
To pinpoint the effects of the hippocampal supply on the CVLT-II performance, we first characterized the individual cognition by fitting a linear regression model to each participant's CVLT-II data using custom-made scripts (MATLAB, R2014b; Mathworks, Sherborn, MA, USA), for trials 1-5: Figure 1 Visualization of hippocampal supply. Representation of the hippocampal supply using a maximum intensity projection of the 7 T ToF-angiography in MeVisLab. The hippocampal mask obtained from the T 1 -weighted sequence was adopted as an anatomical reference. In case of mixed hippocampal supply (A and B) the anterior choroidal artery (AchA, in violet) participates to the vascularization with an uncal branch (highlighted in pink) together with the hippocampal arteries (in yellow) which arise from the posterior cerebral artery (PCA, in green) or its branches. In case of single hippocampal supply (C and D) no uncal branch can be detected.
In the linear function, a represents the offset (or overall performance) and b the rate of change of the individual learning curve. Both parameter values were also further analysed as dependent variables in the two-way ANOVA described above.
After confirming normal distribution of hippocampal volume (mm 3 ) using Shapiro-Wilk test, we performed univariate ANOVAs on sum of both hippocampal volumes to assess differences between participants with CSVD and controls as well as between participants with CAA and non-CAA cases. Tests were adjusted for total intracranial volume as a covariate.
Voxel-based morphometry
For VBM, T 1 -weighted MPRAGE scans from 7 T imaging were initially bias corrected using ANTs (Advanced Normalisation Tools, http://stnva.github.io/ANTs/). VBM was performed using the CAT12 toolbox (r1355, Structural Brain Mapping group, Jena University Hospital, Jena, Germany, http://www.neuro.uni-jena.de/cat/) implemented in SPM12 (Statistical Parametric Mapping; Wellcome Trust Centre for Neuroimaging, London, UK), supported by MATLAB R2014b (Mathworks, Sherborn, MA, USA). To facilitate initial registration, each dataset was manually reoriented, setting the origin of the coordinate system at the anterior commissure. T 1 -weighted scans were then segmented into grey and white matter. Each segmented image was visually inspected to exclude artefacts and underwent a sample homogeneity check to identify outliers. Grey and white matter images were warped to a common template using DARTEL (Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra) (Ashburner, 2007) . Grey matter images were then smoothed using a Gaussian kernel at 6 mm full-width at half-maximum. As our hypothesis on vascular reserve is focused on the hippocampal region, we restricted our voxel-based grey matter analysis to this region using a mask. The region of interest consisted of the bilateral hippocampus, as provided by the neuromorphometrics atlas in CAT12, and was then co-registered to the template image available in CAT12. We performed VBM group analysis on the subjects with no mixed supplied hippocampus (11 subjects, five with and six without CSVD) and those with two mixed supplied hippocampi (12 subjects, five with and seven without CSVD). A general linear model (GLM) was specified in SPM12, comparing subjects with no mixed supplied hippocampus, with those, who presented two hippocampi with a mixed supply. We applied age, sex and total intracranial volume (calculated using CAT12) as nuisance variables. Differences between the two groups were assessed. All clusters with an uncorrected threshold of P 5 0.001 at peak value were considered, while a cluster threshold in voxel number was not applied.
Data availability
De-identified data are available from the corresponding author upon reasonable request subject to a material transfer agreement.
Results

Sample
Participants with and without CSVD were matched for age, sex and education (Table 1) . Prevalence of vascular risk factors, i.e. arterial hypertension, diabetes mellitus and hyperlipidaemia, was slightly higher in older adults with CSVD, as expected (Table 1) .
We determined the participation of the AchA to the hippocampal vascularization in 47 participants (94 hemispheres). Supplementary Fig. 1 summarizes the main steps of that approach. Finally, 43 participants (84 hemispheres) remained for analysis. Of these, we individuated a mixed supply in a total of 32 subjects (12 with CSVD, 20 without CSVD) and a single supply in 11 participants (five participants with CSVD, six without CSVD) ( Supplementary  Fig. 1 ). Prevalence of mixed supplied hemispheres was comparable in both groups (50% in participants with CSVD versus 46% in participants without CSVD).
Cognition
There was a significant main effect of group (CSVD versus no CSVD) on most of the cognitive tests, i.e. participants with CSVD performed worse ( Supplementary Table 3 ). Moreover, the score of mixed supply had a significant main effect on a consistent part of the cognitive tests ( Fig. 2 and Supplementary Table 3 ). Participants with at least one compared to participants with no mixed supplied hippocampus showed better global cognition [for ADAScog: F(1,40) = 4.34, P = 0.045; post hoc test not significant (ns); for MoCA: F(1,40) = 5.99, P = 0.020; t(41) = À2.17, P = 0.036]. Moreover, memory performance [MMSE memory recall: F(1,40) = 7.28, P = 0.011; t(41) = À2.27, P = 0.029] and verbal memory performance [CVLT-II LT1-5: F(1,40) = 7.67, P = 0.009; t(41) = À2.06, P = 0.046] were considerably better in the participants with at least one mixed supplied hippocampus. To investigate the effects of the hippocampal supply on the CVLT-II (verbal memory) we analysed the parameters reflecting the individual learning over five verbal memory trials, i.e. intercept and rate of change (see 'Materials and methods' section). Intercept (mean performance) [F(1,40) = 4.55, P = 0.035; t(41) = À2.07, P = 0.045] and rate of change [F(1,40) = 5.97, P = 0.019; t(41) = À2.35, P = 0.026] were found to be significantly higher in participants with at least one mixed supplied hippocampus, indicating both a higher average memory performance and a better learning rate during the task execution (Fig. 3) . Interestingly, the MoCA subscores of attention [F(1,40) = 8.06, P = 0.007; t(41) = À2.37, P = 0.036] and language [F(1,40) = 1.26, P = 0.009; t(41) = À2.88, P = 0.006] were also higher in participants with mixed supply of at least one hippocampus compared to those with no mixed supply (Fig. 2) . Most interestingly, we further observed an interaction between the presence of CSVD and the score of mixed supply on verbal memory. This suggests that in the CSVD group participants with single supplied hippocampus (= 0) performed worse compared to the ones with at least one mixed supplied hippocampus (= 1) ( Fig. 4 and Supplementary Table 3 ). Furthermore, a similar trend was observed in the ADAScog. On the other hand, no differences were observed within the participants without CSVD.
Voxel-based morphometry
To investigate whether differences in hippocampal vascular supply might also be reflected in hippocampal volume, a voxel-based comparison of local grey matter volume was performed between subjects with a mixed and with a single supply in both hemispheres, respectively. Given our hypothesis about the vascular reserve, we focused the analysis on our region of interest, the hippocampus. We observed a significant difference in grey matter volume between these groups in terms of a bilateral hippocampal clusters ( Table 2 ). The observed effects were localized in the anterior part of the hippocampus, which aligns with the hippocampal supply territory of the AchA. A post hoc t-test confirmed that a higher grey matter volume of the hippocampus was associated with a bilateral mixed supply, compared to single hippocampal supply (Table 2 and Fig. 5 ), while no effect was shown when considering the opposite as a working hypothesis (volume in group with bilateral single supply 4 mixed supply). The analysis was repeated in the CSVD and no CSVD group independently, finding no significant differences in our region of interest. Furthermore, to exclude a major influence of the presence Figure 2 Effect of hippocampal vascular supply on cognitive domains. Bar graphs show differences in the results of the cognitive tests between groups with different scores of hippocampal supply (0 = absence of mixed supply in both hemispheres; 1 = mixed supply in at least one hemisphere). Values are given as mean AE standard error of the mean (SEM). Independent samples t-tests were conducted for comparisons between conditions; Ã P 5 0.05, ÃÃ P 5 0.01 (Bonferroni-corrected).
of CSVD in the VBM analysis, a comparison between participants with and without CSVD was performed and remained without any effect in the hippocampus (data not shown).
No significant difference in hippocampal volume between participants with CSVD and controls [F(1,46) = 0.01, P = 0.920; t(45) = À0.13, P = 0.901], as well as between participants with possible/probable CAA and non-CAA [F(1,19) = 0.01, P = 0.937; t(18) = 0.529, P = 0.604] was observed on Free Surfer based segmentation measures.
Discussion
In this high-field neuroimaging study we conducted an in vivo investigation of how hippocampal vascular supply relates to cognition and hippocampal structure in older adults with and without small vessel disease pathology. We hypothesized that hippocampal vascularization might modulate cognition and that hippocampal supply by both the AChA and PCA might constitute a vascular reserve mechanism for cognition and hippocampal structure, compared to the hippocampal vascularization by the PCA alone. Furthermore, we hypothesized that hippocampal vascular supply is especially relevant in face of CSVD pathology, in which small vessel damage may result in higher susceptibility towards vascular reserve mechanisms.
One of the main findings of our study is a positive effect of having a mixed supply in at least one hippocampus on MTL-related cognitive domains, e.g. verbal memory, but also on other cognitive domains, e.g. attention and language, and on global cognition. There was an interaction effect between hippocampal supply and diagnosis (i.e. older adults with and without CSVD) on verbal memory, suggesting that a mixed hippocampal supply in at least one hemisphere also provides a vascular reserve for MTLrelated cognitive function in participants with small vessel pathology. Furthermore, we found that mixed, compared to single, vascular supply patterns were associated to higher anterior hippocampus volumes.
The positive effect of mixed hippocampal vascularization on memory across the whole cohort was evident in several neuropsychological tests, e.g. in the CVLT-II LT 1-5 and in the MMSE memory recall. Our results are consistent with the well-documented importance of the hippocampus for declarative memory in general (Milner, 1972; Mayes et al., 2002; Yonelinas et al., 2002) and verbal memory in particular (Ferná ndez et al., 1998; Papanicolaou et al., 2002; Bonner-Jackson et al., 2015) . In our study, mixed hippocampal supply had a positive main effect on the learning of novel words (CVLT-II LT 1-5) in the whole group. Consistent with this result, learning in the CVLT-II has previously been related to hippocampal function, with evidence for a correlation between (anterior) hippocampal activation and performance (Johnson et al., 2001) . Figure 4 Effect of hippocampal supply in CSVD and controls on cognition. Bar graphs show differences in cognitive tests between groups with different scores of hippocampal supply (0 = absence of mixed supply in both hemispheres; 1 = mixed supply in at least one hemisphere) and presence or absence of CSVD. Values are mean AE SEM. Independent samples t-tests were conducted for comparisons between conditions; Ã P 5 0.05, ÃÃ P 5 0.01 (Bonferroni-corrected). CVLT-II score (mean of remembered words) at each encoding trial in subjects with single supply (score of hippocampal supply = 0) and mixed supply (score of hippocampal supply = 1). Learning occurs in both groups, but the score is significantly higher in LT 3-5 in subjects with mixed hippocampal supply. This is in line with our finding of a higher rate of change of performance in subjects with mixed, compared to single supply. Values are mean AE SEM. Independentsample t-tests were conducted for comparisons between conditions; Ã P 5 0.05.
A further reason why we investigated the effects of vascularization on the CVLT-II is the fine separation of learning and recall provided by this test (Pohlack et al., 2012; Wicking et al., 2014) . Analysing the learning curve of each subject, we observed that the presence of mixed supply in at least one hippocampus had a positive main effect on learning rate and average performance.
There was, moreover, an interaction between hippocampal vascular supply and CSVD on both cued and free short delay recall, where the presence of a single supply pattern in CSVD was disadvantageous. This indicates that mixed supply becomes especially relevant for declarative verbal memory in the face of small vessel pathology, suggesting the particular relevance of this vascular reserve mechanism when small vessels are damaged.
We also observed a positive effect of mixed supply on ADAScog, MoCA attention, and MoCA language subscores and thus on measures of global cognition and domains beyond memory. This can be related to the fact that the hippocampus participates in several cognitive domains, including visuoconstruction (Brickman et al., 2011; Seidl et al., 2012) , attention (Goldfarb et al., 2016) , motivation and executive function (Wall and Messier, 2001; Frodl et al., 2006) . The involvement of this brain structure in a wide range of cognitive processes (Kosel et al., 1982; Rubin et al., 2014) could explain why subjects with a mixed supplied hippocampus obtained better results in the ADAScog and MoCA questionnaires, which are general measures of cognition, as well as in part of their subscores. Thus, the advantage represented by a mixed hippocampal supply might transfer to other cognitive functions.
We further found evidence for mixed hippocampal vascularization being tied to structural brain differences, i.e. a higher hippocampal volume for mixed, compared to single vascular supply. A possible mechanism underlying this observation might be that single supplied hippocampi have less vascular reserve and are more vulnerable to neuronal injury (Saur et al., 2006; Guadagno et al., 2008) and neurodegeneration (Fierstra et al., 2010) . An overlap of perfusion territories has been shown to be protective (van der Zwan et al., 1992; Liebeskind, 2003; Lau et al., 2012) and it is conceivable that an overlap of the AchA and PCA territories might also provide higher vascular reserve. This mechanism appears particularly plausible, when VBM results for the comparison between subjects with bilateral mixed and single hippocampal supply. All clusters 430 voxels are displayed, which were significant at uncorrected cluster level (P 5 0.001). F-and t-statistics for group comparison are both reported (t-statistic for bilateral mixed supply 4 single supply).
\
Clusters that survived familywise error correction P 5 0.05.
considering that the AchA and PCA, respectively, belong to the anterior and posterior system of the circulus Willisi and a decrease in blood flow in one of the two territories can be compensated by the other (Wallin et al., 2018) . A putative decrease in perfusion (as believed to be found in single supplied hippocampi in ageing and/or CSVD) might lead to ischaemia and, especially in a hypoxia-sensitive brain area such as the hippocampus (Duvernoy, 2013) , to neural injury. Moreover, the above reported differences in hippocampal volumes were found in the anterior part of the hippocampus, which is consistent with the putative supply territory of the AchA in case of mixed hippocampal supply. Hence, the anterior hippocampal region seems to profit from a mixed blood supply and might thus be less subject to atrophy, when the AchA is involved in the hippocampal vascularization. However, it is important to note that the known extent of the AchA territory in general and in the medial temporal lobe in particular, is still debated (Takahashi et al., 1994; Hamoir et al., 2004; Ois et al., 2009) given its variability (Slobodan Marinković et al., 1999) , and the technical limitations of investigating perfusion in small territories. Whether lower perfusion, structural damage or both are the neural substrates of the negative effect of a single supply on cognitive measures remains to be determined. However, previous research has shown that greater hippocampal volume relates to better memory performance in cognitively healthy older adults (Walhovd et al., 2004; Pohlack et al., 2012) . Furthermore, a decreased perfusion contributes as an independent factor to cognitive decline in healthy ageing (Alosco et al., 2013; Steffener et al., 2013) and traumatic brain injury (Lin et al., 2016) . A negative association between task performance and cerebral blood flow even exists in healthy young subjects (Bertsch et al., 2009) .
Our study suffers from some limitations. In post-mortem studies, hippocampal arteries had an average diameter of 0.5 mm, but the directly supplying hippocampal branches, including the AchA uncal branch, could be even smaller with a minimum diameter of 0.2 mm (Marinković et al., 1992; Erdem et al., 1993) . Therefore, possibly some of the uncal branches were below the detection threshold of our high resolution of time of flight angiography (0.28 mm isotropic) or could have been obscured by motion artefacts (Mattern et al., 2018) , leading to a potential underestimation of the number of mixed supplied hippocampi. Nonetheless, prevalence of mixed hippocampal supply observed in our study was consistent with a previous post-mortem study (53% in the present study; 60% in Erdem et al., 1993) , indicating that the number of overlooked uncal branches is at most marginal. While the use of 7 T ToF-angiography allowed for the first time the in vivo depiction of the hippocampal vessels and thus went beyond current capabilities at 3 T (von Morze et al., 2007) , further improvement by using even higher resolution (e.g. 0.15 mm isotropic) and motion correction would be advisable. In the absence of pathological examination, we can not definitely exclude concurrent Alzheimer's disease pathology in our CSVD cohort, especially when considering the overlap between CAA and Alzheimer's pathology (Charidimou et al., 2017) . However, the biomarker-based ATN (amyloid-b, tau, neurodegeneration) classification (Jack et al., 2018) performed on part of the CSVD cohort and the lack of hippocampal atrophy in our participants with CSVD in general and in those with CAA in particular, give us some confidence that we did not include subjects with a developed Alzheimer's disease pathology. In addition, excluding the presence of CSVD markers from healthy controls may have increased the probability of including 'successful agers' who have avoided age-related vascular disease. Nonetheless, the role that vascular lesions in general and CSVD in particular plays in 'successful agers' is still a matter of debate (Harrison et al., 2018; Dang et al., 2019) . Finally, our cross-sectional study design does not allow us to make any statement about the causal influence of hippocampal vascularization on the variability of cognition and structural changes in the hippocampus over time.
Longitudinal studies are necessary to rule out the possibility of a reverse causality, i.e. that smaller hippocampi are a priori supplied by one artery only.
Further research is needed to pinpoint the relation between vascularization and hippocampal perfusion (e.g. adopting arterial spin labelling), vascularization and hippocampal function (e.g. using 7 T ultrahigh-resolution resting state or task-based functional MRI), as well as between vascularization and the degree of further pathology beyond CSVD (e.g. Alzheimer's disease pathology). Interactive pathophysiological mechanisms between vascular and Alzheimer's disease pathology have been extensively hypothesized (Webb et al., 2012; Kiviniemi et al., 2016; Geurts et al., 2018) , but studies about the role of hippocampal vascularization in Alzheimer's disease pathology are thus far missing. Impaired perivascular clearance of pathological proteins, such as amyloid or tau, might link vascular and Alzheimer's disease pathology (Mestre et al., 2017) . Hippocampal vascularization could play a substantial role for the clearance of those proteins and might drive the accumulation of at least medial temporal lobe tau (Iliff et al., 2013) .
The neuropsychological test battery adopted in the present study is well-established to measure global cognition and memory, but the application of tasks, which more specifically target MTL-related cognitive domains, such as spatial navigation memory tasks, pattern separation/ completion tasks (Berron et al., 2016) , would help to shed more light on the effects of the hippocampal vascularization patterns on cognition. Furthermore, to assess whether or not hippocampal vascularization differentially affects hippocampal subregions, neuroimaging methods allowing a distinction of the subfields (Mueller et al., 2018) are needed. In fact, vascularization possibly relates to the differential susceptibility of hippocampal subfields to hypoxia (Kreisman et al., 2014), e.g. the greater vulnerability of CA1 in comparison to other subfields in the presence of vascular pathology (Small et al., 2012) .
Besides possibly representing a mechanism of cognitive reserve and its interaction with neurodegenerative pathologies, hippocampal vascularization may help to understand the pathophysiology and clinical phenotype of other conditions closely related to this crucial brain region. For example, hippocampal sclerosis is in about 50% of cases unilateral and associated with vascular risk factors and memory loss (Zarow et al., 2012) . However, the causes determining its laterality remain unclear. Furthermore, both unilateral and bilateral acute hippocampal infarcts have been observed and may be the cause of transient global amnesia (Yang et al., 2008) , which induces reversible memory loss. One may speculate that hippocampal supply patterns may moderate laterality effects and that mixed supply could potentially serve as a protective or compensatory factor against the development of hippocampal sclerosis or infarcts and/or against their impact on MTL-related cognitive function.
Our findings establish a link between hippocampal vascularization and cognition and between vascularization and hippocampal structural integrity. Vascular hippocampal supply also revealed an effect in presence of small vessel pathology, suggesting that vascularization patterns might become relevant for hippocampus-related functional circuits, when small vessel damage exists. We interpret our results as hippocampal vascular reserve conveyed by mixed hippocampal supply. Considering directly the influence of vascularization on cognition is an innovative aspect of our work which might open new perspectives in the study of hippocampal injury and its cognitive consequences.
